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Introduction
Percutaneous coronary intervention (PCI) is an indispensable method for the treatment of coronary artery disease [1] . In 2010, it was estimated that 492,000 patients underwent PCI procedures in the United States, of which approximately 454,000 were PCI procedures using stents [2] . Because of the high incidence of PCI and stent use, even a small difference in the performance of stents could result in an enormous difference in patient outcome. With the rapid development of stent technology aimed at lowering the rate of stent failure, not enough is known about the outcomes of new products. Therefore, constant and rapid surveillance of the performance of emerging stents, and comparisons among various types of stents, is required, but doing so remains difficult.
The earliest form of coronary angioplasty involved only balloon catheters, while coronary stents were first introduced in 1989 to prevent restenosis after angioplasty by maintaining lumen integrity [1, 3] . However, in-stent restenosis and the need for frequent revascularization arose as bare metal stents (BMS) began to be used [4] . The first-generation drug eluting stents (DES), which interfere with cell proliferation, were thus developed, further lowering the risk of restenosis [5] . However, these stents were shown to increase the risk of late stent thrombosis and delay arterial healing due to their interfering with the cellular environment [6, 7] . Moreover, the structure of the first-generation Sirolimus-eluting stents was also vulnerable to mechanical complications such as stent fracture [8] [9] [10] . Subsequently, second-generation DES were designed to decrease the risk of late target lesion revascularization, improving the reliability of DES [11, 12] . Biodegradable polymer-coated stents were developed to improve longterm outcome by providing temporary function and stepping away of the polymers [13] . It has been shown that biodegradable polymers improve the safety and efficacy of second-generation stents compared to first-generation DES [14] [15] [16] . However, further studies are needed to address the differences between the newer generation durable polymer DES (DP-DES) and biodegradable polymer DES (BP-DES) [17] .
After clinical adoption of the first-generation DES (which had shortcomings), technological advances have included improvements in materials and design, the employed polymer, and the eluted drugs, rendering adverse clinical events very rare. Therefore, it is very important, but has become increasingly difficult, to evaluate and compare performance among stents [17] . A decrease in the incidence of major adverse cardiac events (MACE) has made it difficult to compare the performance of various stents with clear statistical validity. Also, techniques for revascularization are undergoing rapid evolution, which render many studies obsolete or difficult to interpret [18] . This problem derives mainly from the fact that traditional research methods, such as prospective cohort studies, require vast resources. This limitation warrants a new research method that carries less economic burden and is less time-consuming.
Thus, a retrospective cohort study using information from electronic health records (EHRs) was considered, as records that have been originally stored for practice purposes can also be used for research. However, using EHRs poses a barrier as coronary angiography (CAG) reports are written in free-text; free-text files cannot be directly analyzed using existing tools, and in the present study, CAG reports were too numerous to review manually.
We overcame this obstacle by developing a method of analysis using regular expression. Regular expression refers to a formal programming language for specifying strings, and is used practically to identify particular strings in texts [19] . Using this method, we extracted variables related to PCI from CAG reports originally stored in EHRs. Patient characteristics, such as age, sex, and a history of diabetes mellitus and hypertension, were also processed from the EHRs. The data were used to build a PCI data warehouse for statistical analyses.
Using free-text CAG reports from the Ajou University Hospital between February 2010 and October 2014, we extracted information and conducted a retrospective cohort study of a real-world population that had undergone PCI. To validate our data, we examined and compared the clinical performance of different stents and analyzed the hazard ratios (HR) of target vessel revascularization (TVR) between first-and second-generation DES. Following validation of our program, we explored the efficacy and safety of BP-DES versus DP-DES with the risk of TVR as the primary endpoint.
Materials and methods

Ethics statement
This study was approved and informed consent was waived by the Institutional Review Board of Ajou University Hospital because the anonymized data was analyzed retrospectively.
Data source
Patients who underwent PCI procedures were identified from the EHRs of Ajou University Hospital. A total of 13,567 coronary reports (CAG reports with or without descriptions of PCI procedures performed after diagnostic CAG) written between February 2010 and October 2014 were analyzed by regular expression. Patient characteristics including clinical and demographic information, drug prescriptions, and diagnoses were also extracted from EHRs.
Data processing of coronary angiography reports
We extracted information from the free-text PCI reports and loaded it into a data warehouse; we applied regular expression using the R programming language to complete this task. The 'stringr' package developed by Hadley Wickham was used primarily for extracting patterns [20] .
A table of pre-defined vessel and stent terms was created, taking advantage of the fact that PCI reports had recurring structures around these words (e.g., newline, colon, slash). The terms in their presumed locations were extracted, manually reviewed by a cardiologist, and categorized ( Table 1 ). The various forms of the terms on the list were then used for extraction.
The overall process is shown in Fig 1. First, we extracted all words between newline (\n) and colon (Step 1). These words mainly referred to the target vessels in the procedure. We then compared the extracted words with the pre-defined vessel categories shown in Table 1 (Step 2). After identifying the target vessels, we went on to find the names, diameters, and lengths of the stents, and ascertained whether a non-compliant adjuvant balloon was applied (Step 3). The stent names were extracted by matching them with pre-defined stent names (Step 4), and the diameters and lengths of the stents were captured by extracting two numbers followed by "mm", which were separated by "/" (Step 5). If any of these three variables (stent name, diameter, and length) were missing, it was determined that there was no record of inserting a stent in the corresponding vessel. Finally, we identified whether a non-compliant high-pressure balloon was applied by checking whether "HP" or the name of a non-compliant high-pressure balloon was written in the report (Step 6). Script samples and a CAG report are shown in S1 File. Free-text patient records analysis for comparing coronary stents
The scripts for data extraction were first developed by three individual programmers. Upon completion, their results were compared side-by-side, and the scripts underwent two cycles of revision for higher conformity. Subsequently, the matching parts of the three tables were used for the PCI data warehouse. The parts that did not reach consensus were filled in through manual review of the original reports.
The completed PCI data warehouse itself was validated by manual review. To evaluate the degree of agreement among the three different programmers and between information retrieved by each script and the data filled out manually from 200 randomly chosen samples (the gold standard), we compared the list of pairs that consisted of the target vessel and the stent categories inserted into the target vessel. The kappa values for the primary, secondary, and tertiary pairwise comparisons of the extracted results between the three programmers were 0.659, 0.974, and 0.986, respectively. As shown in Table 2 , the mean script sensitivities, specificities, and F-measures approached those of the gold standard after two cycles of revision. All of the comparisons were performed after all revisions were complete, eliminating the possibility that the revisions were biased.
Study covariates and outcome variables
The outcome variable for this study was TVR within 2 years after index PCI with stent implantation. TVR was defined as cases where patients had repeated PCI procedures on a target vessel.
The patient characteristic covariates included age, sex, hypertension, type 2 diabetes mellitus, and the duration of dual antiplatelet therapy (DAPT). The procedural characteristic covariates included the total length and average diameter of the implanted stent(s) in each target vessel, the approach site (radial artery or femoral artery), and whether the PCI was emergent. Patients with type 2 diabetes were extracted according to the process defined by Kho et al. [21] . Hypertension was defined as either the assignment of the ICD-10 diagnostic code I10 or prescription of at least one type of antihypertensive drug.
Statistical analysis
First, an analysis for data warehouse validation was performed to confirm that the PCI data warehouse reflected established real-world findings. We compared the risk of TVR between first-and second-generation DES using Kaplan-Meier analysis and the log-rank test, and all study covariates were adjusted using the Cox proportional hazard regression model. We used the PCI data warehouse to analyze the differences between DP-DES and BP-DES using the same statistical methods as described above. Within-class comparisons of stent groups were also performed. The types of stents that were used in greater than 100 procedures, as determined from the EHRs, were selected and categorized, including the Promus family, the Xience family, the Resolute family, the Endeavor, the Nobori, and the Biomatrix stents. Prior to each analysis, cases where a vessel was treated with more than one category of stents were excluded (i.e., vessels that were treated with both BP-DES and DP-DES). All statistical analyses were performed using the R package (R Development Core Team, Vienna, Austria). A pvalue < 0.05 was considered significant.
Results
Data processing
The final consensus version of the data extraction program by three different programmers, including a manual review of elements for which consensus was not attained (220 of 5,612 descriptions, 3.9%), was used to generate the PCI data warehouse. A negative predictive value of 1.000 and a positive predictive value of 0.995 were observed when these data were compared with the gold standard data of the target vessel and stent categories. Sensitivity was 0.996, specificity was 1.000, and the F-measure was 0.995, indicating that the data warehouse can be used in research settings.
PCI data warehouse construction
A PCI data warehouse containing information from PCI reports was constructed, and included information from 5,612 target vessels of 3,817 patients who underwent index PCI between 2010 and 2014. The patient and procedural characteristics of the index procedures are shown in Table 3 .
Validation of findings to demonstrate similar findings to previous studies
To validate our data warehouse, we compared the TVR risk of the second-generation DES with that of the first-generation DES using Kaplan-Meier analysis and Cox proportional hazard regression. The TVR risk of second-generation stents was lower (adjusted HR: 0.423; 95% confidence interval (CI): 0.284-0.630), which was in accordance with previous studies (Fig  2A) . The known predictors of TVR, including age, hypertension, diabetes mellitus, emergent PCI, and DAPT over 12 months, are also shown as significant (Table 4) . These results indicate that the data in the constructed database are reliable and could be used for further analyses.
New findings: BP-DES versus DP-DES
The baseline clinical characteristics of the BP-DES and DP-DES groups were similar (Table 3) . Compared with the DP-DES group, RCA and LM were less frequently treated in the BP-DES group, and patients in the DP-DES group had a lower number of stents with smaller diameters and shorter lengths per target vessel. The rate of TVR was not significantly different between the BP-DES and DP-DES groups (3.2% vs. 3.9%, p = 0.462).
We compared the risk of TVR between the BP-DES and DP-DES groups. In patients treated with BP-DES, the TVR-free survival tended to be higher (log rank, p = 0.059) and the HR of TVR was lower without statistical significance (adjusted HR 0.568, 95% CI 0.281-1.147, p = 0.114) compared to patients treated with DP-DES (Table 5 ). However, in the KaplanMeier plot, the TVR-free survival rates of the two types of stents diverged at approximately 1 year after the index procedure was performed (Fig 2B) .
Within-class comparisons of DP-DES and BP-DES Fig 2C shows the within-class comparison of TVR-free survival among the second-generation DES using Cox proportional hazard regression. The Endeavor stents showed a significantly higher HR (adjusted HR 2.576, 95% CI 1.273-5.210) than the other second-generation stents (Table 6 ). Other comparisons did not yield statistical significance, although BP-DES (i.e., Nobori and Biomatrix) showed a trend for lower HRs.
Discussion
In this study, we extracted PCI-related parameters and constructed a PCI data warehouse from free-text electronic patient records with high accuracy. Using this data warehouse, we identified practice-based evidence to assess the performance of various coronary stents. In a self-validation analysis, the present study reaffirmed the established findings that newer generation DES are superior to first-generation DES in terms of TVR. Moreover, we provided clinically meaningful evidence that BP-DES were associated with a lower TVR risk than DP-DES, particularly 1 year after the index procedure. The Endeavor family of stents was significantly associated with higher risk of TVR among the newer generation stents.
Our findings support the results of previous studies and provide novel findings regarding the comparative efficacy of various newer types of DES in an unrestricted real-world clinical setting. A study based on the Swedish Coronary Angiography and Angioplasty Registry (SCAAR) showed similar results to this study when comparing older and newer generation DES [22] . Although the classification of Endeavor stents was different (old generation DES in Free-text patient records analysis for comparing coronary stents the SCAAR study and second-generation DES in this study) the adjusted cumulative risk of target lesion revascularization (TLR) by PCI for up to 2 years (adjusted HR 0.60, 95% CI 0.51-0.70) was comparable to that of this study (adjusted HR 0.423, 95% CI 0.284-0.630). Moreover, when comparing each DES, the cumulative restenosis plot in the SCAAR study and the Kaplan-Meier plot in this study both showed that the TVR risk for Endeavor stents was higher than that of other stents [23] . Also, although there were no significant differences between the TVR HR of DP-DES and BP-DES for the 2-year outcome, the occurrence of TVR of the two stent types diverged after approximately 1 year. This reflects the results of the LEADERS trial, which showed a reduction in very late stent thrombosis (> 1 year) and a significant reduction in all-cause revascularization for BP-DES [24] . However, these results remain debatable, as some recent clinical trials state that the safety and efficacy of these stents did not differ [25, 26] . Previous studies have focused on comparing only a few types of stents; they were unable to make various comparisons due to the inherent limitations of clinical trials, which require numerous resources and are time-consuming. These studies were often confined to comparison of two or three types of stents and sometimes included only short follow-up periods (1 year), making it difficult to compare various stents from a single data source [27] [28] [29] . Also, as developments in DES technology occur rapidly, many studies become obsolete after just a few years, raising further questions regarding the timing and cost-effectiveness of prospective clinical trials. In contrast, we were able to include a large number of procedures, with low cost and within a short period, by extracting information from reports stored in EHRs. We were also able to obtain data regarding the newer BP-DES. To do so, we developed text-mining tools using regular expression. Three different researchers developed mining programs independently and subsequently compared their results to ensure reliable data. Our data showed high validity and reliability when compared with the gold standard and already established researches. The sensitivity and specificity were 0.996 and 1.000, respectively, and the F-measure was 0.995. We confirmed that the second-generation DES are associated with significantly lower TVR risk than first-generation DES.
The high sensitivity and specificity we obtained are primarily the result of both the inherent characteristics of regular expression itself and the extensive reviews and revisions that we performed. High specificity was achieved because our expressions matched only the strings that were defined in the script, thus avoiding false positives. However, to ensure high sensitivity, it was paramount that all forms of abbreviations and spellings were pre-defined and taken into account. Although a pre-defined vessel and stent table was made, it was not sufficient to accommodate the various forms of the terms used. Therefore, the script review by the three programmers was of great importance to ensure high sensitivity. Using three individual scripts, it was possible to take into account the different forms other programmers had found, and an almost perfect match was obtained using the three scripts. The principal differences are the expressions used to match the patterns. A particular script may fail to extract certain words that other scripts extract, so these were revised during each round. This process was sufficient to reach a surprisingly high sensitivity.
The construction of a PCI data warehouse opens up possibilities for further research. First, our data warehouse contained information concerning the implemented stents and a detailed description of each stent in each target vessel (i.e., brand, number of stents, average diameter, and total length). Moreover, the analyses were strengthened using covariates (i.e., age, sex, hypertension, diabetes mellitus, and DAPT duration). Lastly, a total of 5,612 treated vessels from 3,817 PCI procedures were included, which resulted in a sample size large enough to achieve statistical validity.
The fact that EHRs stored solely for practice purposes can be used for research also opens up new possibilities. With proper extraction and organization, through application of technologies such as regular expression and natural language processing (NLP), the majority of EHRs could be used in a research setting. This study encourages the use of the vast data that are stored in the EHRs of hospitals, even those in free-text form.
There are several known NLP tools, which extract information through semantic analysis of medical records, such as the Linguistic Strings Project and the Medical Language Extraction and Encoding system (MedLEE) [30, 31] . However, most of these were developed for texts in English, while the majority of medical records in Korea are written in both English and Korean. There are also terms and abbreviations that are used only in Korea, making it difficult to apply existing tools directly to Korean medical records. However, the development of new NLP tools to analyze Korean EHRs would be expensive and labor-intensive. In addition, the CAG and PCI reports that we used did not contain complete sentences, but rather, were in a semi-structured format. Thus, pattern matching, not semantic analysis of the text, was the method of choice, particularly regular expression. When semi-structured medical records are written in both English and a local language (here, Korean), NLP tools cannot be used, and regular expression may be cost-effective and reliable when employed to extract information.
This study was not without limitations. First, the data warehouse was based solely upon procedures and prescriptions performed at Ajou University Hospital. Although patients are likely to return for follow-ups, some may choose different hospitals for further treatment. Others who were initially treated at another hospital (e.g., emergency reasons) may have subsequently visited Ajou University Hospital, possibly resulting in underreported outcomes and insufficient information on baseline characteristics. This is the reason why we only evaluated TVR rather than myocardial infarction and death, which are also major outcomes of PCI. The second limitation was that using regular expression may have caused unknown errors in cases with critical spelling mistakes on reports. Although most spelling mistakes were accounted for in our scripts, some extremely unique errors may have been missed, causing an imperfect sensitivity. Third, we only compared the list of pairs that consisted of the target vessel and stent categories to evaluate the degree of agreement between information retrieved using each script and the gold standard. Therefore, we could not determine how well the other variables were extracted other than the two mentioned above. However, it makes sure that the complete set of information was extracted, because if any of the three variables (stent name, diameter, and length) were missing, we determined that there was no record of a stent insertion in the corresponding vessel. The other variables (route of approach [radial or femoral], whether emergent PCI was performed or not, and whether a non-compliant high-pressure balloon was applied or not) were not evaluated in any way.
Conclusions
A PCI data warehouse, constructed using regular expression reports on CAG and PCI stored in EHRs, was useful and reliable to evaluate the clinical performance of coronary stents. In terms of TVR, our study confirmed previous results demonstrating that second-generation DES are superior to first-generation DES, and demonstrated that Endeavor stents showed the highest event rate among the newer generation DES. BP-DES had a similar efficacy to DP-DES, but were associated with a superior long-term outcome after 1 year of observation. It is encouraging for further research that free-text reports originally stored for diagnostic purposes can be processed into forms that are appropriate for research. 
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